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Au, Rh, and AueRh clusters were studied on Al2O3, TiO2 powders and titania nanowire by X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and infrared spectroscopy (FTIR).
On the XP spectra of the AueRh/TiO2 and AueRh/Al2O3 powders and wires the binding energy of the Au
4f emission was practically unaffected by the presence of Rh, the position of Rh 3d remained also
constant on alumina, while it shifted to lower binding energy with gold admixture on titania. New
emission for Rh 3d at 309.2 eV and for Au 4f at 85.6 eV developed on titania wire case. The bands due to
Rho-CO and (Rho)2eCO were observed on IR spectra of titania supported bimetallic samples. The peak
due to Rhþe(CO)2 was less intense on bimetallic nanowire. All three bands however are intense on Au
eRh/Al2O3. The results were interpreted by electron donation from titania through gold to rhodium.
“Core-shell” bimetallic structures are supposed on AueRh/titania wire.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Since most heterogeneous catalysts consist of metal clusters on
oxide supports, it is important to understand the nature and effect
of clusteresupport interactions. Titania based supports have
recently become the subject of renewed interest, since gold clusters
on TiO2 have been found to exhibit unique catalytic properties,
which are absent on other supports [1,2]. Titania supports are
known to be highly reducible and undergo strong metal support
interactions with metals, including Rh, Pt, Ni [3,4]. It is frequently
observed that the presence of a second metal can greatly influence
the catalytic behavior of gold. Enhanced dispersion and stability of
gold nanoparticles on stoichiometric and reduced TiO2(110) was
observed in the presence of molybdenum [5]. Sintering of Au-
containing clusters on titania is suppressed by the presence of Pt
in Au-Pt bimetallic clusters [6]. It has also been observed that Rh
significantly changed the morphology and topology of Au on
TiO2(110) surface [7,8]. STM and LEIS experiments revealed that
proper Au and Rh coverage, the post deposited Au covers
completely and uniformly the Rh nanoparticles.
It is well known that the nature of the support greatly influences
the surface processes. Titanium oxide nanostructures (wire and
tube) have attracted considerable attention lately because of their
numerous potential applications in solar cells [9], electronics [10],All rights reserved.photocatalysis [11], sensorics [12] and as catalysts support [13].
Ordered TiO2 nanostructures can be obtained by hydrothermal
conversion of anatase [14,15]. In this paper we study the structure
and morphology of gold-rhodium bimetallic nanoparticles on
titania nanowire by X-ray photoelectron spectroscopy, scanning
electron microscopy and infrared spectroscopy. The results
obtained on nanowire are compared to AueRh/TiO2 and alumina
supported bimetallic system.2. Experimental
Preparation of titania nanowire was described elsewhere [15]. It
was characterized by TEM. Au, Rh and their coadsorbed layers with
three different compositions were produced by impregnating TiO2
(Degussa P25), titania nanowire and geAl2O3 (Degussa P110CI)
with mixtures of calculated volumes of HAuCl4 (Fluka) and RhCl3x3
H2O (Johnson Matthey) solution to yield 1 wt % metal content. The
impregnated powders were dried in air at 383 K for 3 h. The final
pre-treatment was at 573 K in hydrogen atmosphere [16].
Scanning electron microscopy (SEM) was done on a Hitachi S-
4700 field emission scanning electron microscope equipped with
Röntec energy dispersive X-ray spectrometer. Transmission elec-
tron microscopic (TEM) observations were performed on a Philips
CM10 instrument using copper mounted holey carbon grids. The
specific surface area was calculated using BET method from N2
adsorption isotherms measured at 77 K on a Quantachrome NOVA
2000 instruments. The diameter of titania nanowire is 45e110 nm
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Fig. 1. (A) - Au 4f regions of XP spectra of reduced sample: 1e1% Au/Al2O3, 2e0.75% Au þ 0.25% Rh/Al2O3, 3e0.25% Au þ 0.75% Rh/Al2O3; (B) Rh 3d regions of XP spectra: 1e1% Rh/
Al2O3, 2e0.75% Rh þ 0.25% Au/Al2O3, 3e0.25% Rh þ 0.75% Au/Al2O3.
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of nanowires isw20 m2 g1.
XP spectra were takenwith an SPECS instrument equipped with
a PHOIBOS 150 MCD 9 hemispherical analyzer. The analyzer was
operated in the FAT mode with 20 eV pass energy. The Al Ka radi-
ation (hn ¼ 1486.6 eV) of a dual anode X-ray gun was used as an
excitation source. The gun was operated at 150 W power (12.5 kV,
12 mA). The energy step was 25 meV, electrons were collected for
100 ms in one channel. Typically five scans were summed to get
a single high resolution spectrum.
For binding energy reference the usually complex C 1s spectrum
was first deconvoluted and the peak maximum of the appropriate
synthetic componentwas fixed at 285.1 eV. In other cases either the
Al 2p spectrum envelope (Al 2p at 74.7 eV) or the Ti 2p3/2 maximum
(458.9 eV) was used as energy reference. For spectrum acquisition
and evaluation both manufacturer’s (SpecsLab2) and commercial
(CasaXPS, Origin) software packages were used. For IR studies the
catalysts powders were pressed onto Ta-mesh. The mesh was fixed
to the bottom of a conventional UHV sample manipulator. It was
resistively heated and the temperature of the samplewasmeasured
by NiCreNi thermocouple spot welded directly to the mesh. IRspectra were recorded with Genesis (Mattson) FTIR spectrometer.
The whole optical path was purged with a Balston 75-62 FTeIR
purge generator.
3. Results and discussion
After recording the X-ray photoelectron spectra of as-received
sample in vacuum, the catalysts were reduced in the preparation
chamber in H2 for 1 h then H2was evacuated at 573 K; this followed
by cooling down to room temperature and transporting of the
samples to the measuring chamber for obtaining the XP spectra of
reduced catalysts. The positions of Al 2p, Ti 2p and O 1s peaks
remained unaltered after reduction. No appreciable change in the
position of Au 4f emission was recorded on the spectra of reduced
Au-containing samples in comparison with the as-received cata-
lysts. In the case of Rh 3d the observed XP spectra of the as-received
sample shifted to lower binding energy after reduction. In the case
of alumina this value was at 308.0 eV. The position was practically
the same on bimetallic (Au þ Rh) alumina powder, too (Fig. 1). This
observation shows that there are not significant interactions
between Au and Rh on Al2O3.
Fig. 2. XPS obtained on powdered titania (A) - Au 4f regions of XP spectra of reduced
sample; 1e1% Au/TiO2, 2e0.75% Au þ 0.25% Rh/TiO2, 3e0.5% Au þ 0.5% Rh/TiO2,
4e0.25% Au þ 0.75% Rh/TiO2 (B) e Rh 3d region of XP spectra; 1e1% Rh/TiO2, 2e0.75%
Rh þ 0.25% Au/TiO2, 3e0.5% Au þ 0.5% Rh/TiO2, 4e0.25% Rh þ 0.75% Au/TiO2.
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Fig. 3. XPS obtained on titania nanowire (A) e Au 4f region, 1e1% Au, 2e
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support. After reduction we measured a Rh 3d binding energy of
307.6 eV, which corresponds to a reduced state in high dispersion
(Fig. 2B). A continuous shift with Au content to lower binding
energy in the position of Rh 3d of reduced sample, however, can
clearly be recognized. This tendency may indicate that the particle
size became larger, more metallic. Our recent data on acetonitrile
adsorption on Au/TiO2 [17] and on Rh/TiO2 [18] revealed that an
electron flow is directed from TiO2 to metal.
More complex picture was observed on titania nanowire. In the
case of 1% Au/TiO2 nanowire two binding energy peaks were
observed on clean reduced sample for Au 4f at 83.7 eV (metallic
state) and 85.6 eV (Fig. 3A). The emission at 85.6 eV cannot be
attributed to a kind of higher oxidation sites because it developed
after hydrogen treatment at 573 K. We may attribute this feature to
the particles in very small nanosize (final state effect). This
atomically-dispersed state was also observed with Au atoms com-
plexed to oxygen vacancy on TiO2(110) at low temperature [19]. On
monometallic Rh/TiO2 nanowire the dominant XPS peak appeared
after reduction at 573 K for Rh 3d at 307.1 eV (Fig. 3B). A careful
deconvolution revealed some emission at 309.2 eV, presumably
due to more dispersed nanoparticles. This feature significantly
increased after CO adsorption du to CO induced disruption of RhB
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titania nanowire are also shown in Fig. 3. Surprisingly the emission
for higher energy peak of Au 4f at 85.6 eV for atomically-dispersed
state significantly decreased or disappeared, in the presence of Rh
(Figs. 2 and 3A) and the same time some emission for Rh 3d at
309.2 eV diminished (Figs. 2 and 3B). These changes indicate that
interaction between small nanosizes of the Au and Rh occurred. The
cluster sizes are increased.
Infrared spectra of adsorbed species are frequently used as
a fingerprint technique to identify the morphological and chemical
states of active metals on supported oxides. Adsorbed CO exhibits
at least three different stretching frequencies belonging to the
certain adsorption states of Rh on oxide supports [20e22]. In
addition to this CO caused the disruption of rhodium clusters [22].
Recently the disruption of Rh to smaller size particles was
confirmed by STM [23]. The band at 2070e2030 cm1, depending
on the coverage, is due to CO adsorbed linearly to Rho, the band at
w1855 cm1 represents the bridge bonded CO (Rh2eCO), and the
feature at w2100 cm1 and at w2020 cm1 corresponds to theFig. 4. IR spectra after CO adsorption (A) on Al2O3; 1e1% Au, 2e0.5% Au þ 0.5% Rh, 3e1
Pco ¼ 1.3 mbar.symmetric and asymmetric stretching of Rhþ(CO)2 (twin CO). This
latest IR signals were detected when the crystallite size was very
small [22]. On alumina supported Rh, and bimetallic Auþ Rh all the
three adsorbed form are developed in FTIR spectra (Fig. 4A). CO
adsorbed on gold was not observed. On rhodium supported titania
nanowire the dominant or sole species was the twin (geminal) CO
at 2028 and 2097 cm1. With increasing gold content, however, the
linear form became stronger at 2073 cm1 and the twin CO
stretching frequency was relatively less in intensity (Fig. 4B). CO
adsorption on gold supported by titania nanowire was not
observed. These IR results also suggest that the particle size of the
bimetallic cluster became larger. On the other hand, the large mean
free path of surface diffusion of gold (mainly in smallest size) on the
titania wire allows accumulation of Au on the Rh seeds, blocked the
formation of twin CO. This type of bimetallic structure (core-shell)
was predicted on AueRh/TiO2(110) surface [8], too. SEM data are
also showing an increase in size. The average diameter of mono-
metallic Au and Rh nanoparticles is 8 and 6 nm, respectively. In the
bimetallic cluster the average diameter is around 13 nm.% Rh; (B) on titania nanowire; 1e1% Au, 2e0.5% Au þ 0% Rh, 3e1% Rh. T ¼ 300 K,
J. Kiss et al. / Vacuum 86 (2012) 594e5985984. Conclusion
1. Monometallic gold and rhodium nanoclusters exhibit well
dispersed system on Al2O3. XP spectra give single peaks for Au
4f7/2 and Rh 3d3/2 emissions. CO does not adsorb on gold at
300 K, on Rh/Al2O3, however twin, linear and bridge bonded CO
vibrations were observed. In bimetallic AueRh system, no
significant interactions were detected between metals on
alumina.
2. On TiO2 nanowire support the gold 4f7/2 XP emission appeared
at after reduction at 83.6 eV and 85.6 eV indicating two
different size or chemical environment in gold nanoclusters.
For rhodium small cluster size also observed after reduction at
309.2 eV besides of clean metallic state at 307.1 eV. CO
adsorption on 1% Rh/TiO2 nanowire caused dominant stretch-
ing frequencies for twin (geminal) form.
3. On bimetallic nanosystem the linear CO stretching frequency
was the highest, at the same time the highest binding energy
states on reduced sample almost diminished indicating the
enlargement of nanocluster. Very likely “core-shell” bimetallic
clusters form, in which the gold covers the rhodium.
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